In order to improve a wear resistance of aluminum alloy, we proposed a diode laser cladding of iron-based alloy on the surface of an aluminum alloy. In the first part of this research, an applicability of diode laser to laser cladding was evaluated. In this experiment, irradiation conditions were varied to investigate the effect of process parameters on the formation of clad layers. From this result, application of diode laser made it possible to obtain stable beads in low heat input compared with CO 2 laser, which has been conventionally used for laser cladding. Secondly, we investigated effects of the irradiation conditions on the dilution ratio and the microstructure of a Fe-Cr-C clad layer. It was confirmed that decrease in laser power and increase in traverse speed made the dilution ratio suppressed. According to the increase in aluminum content in the clad layer, the microstructure of the clad layer changed as (8-20%)! þ (10-30%)!Fe 3 Al(30%-). At the interface between the clad layer and the aluminum alloy substrate, the reaction layer consisting of Fe 2 Al 5 and FeAl 3 formed. The obtained complex frequently included cracks within the clad layer or in the reaction layer, each of which was caused by different factors. The cracks in the clad layer decreased with decreasing the hardness of the clad layer and formation of the ferrite in the austenite phase, which was achieved by controlling the dilution ratio and the carbon content of the cladding material. With respect to the interface cracks, it was found that the addition of copper for reduction of the thermal stress arising at the interface had a beneficial effect on suppressing the interface cracks. In the abrasion Fe-Cr-C and the Fe-Cr-Cu-C clad layers exhibited a higher wear resistance compared with the aluminum alloy.
Introduction
Recently, since environmental problems and energy problems become more serious, the automotive industries have tried to reduce the weight of automobiles for improving fuel economy. 1) In such aspect, aluminum alloys with lightness and high specific strength have recently attracted considerable attentions especially as a substitution material from conventional steel material. Applications of aluminum alloys, however, have been limited because of their low wear resistance. For example, materials for engine valve sheets of automobiles are required to possess the high wear resistance under the high temperature environment. 2, 3) In order to improve these problems, in this research, the surface of aluminum alloys was tried to be modified by the laser cladding of wear resistant layer. By using laser beams with high and precisely controllable power density, substrate as well as clad layer is superficially melted to form thick modifying layers well bound with substrate. From these characteristics, laser cladding is utilized widely in various fields. 4, 5) Conventionally, CO 2 laser and Nd:YAG laser are used for laser cladding principally, but they have problems that the absorption efficiencies of laser beam on Al substrate is extremely low. Meanwhile, diode laser was well recognized to have many advantages, such as high energy absorption efficiency to metal, small size, lightness and long life. 6) Recent development has made the diode laser apparatus high powered, which attracts attentions in the field of the material processing. [6] [7] [8] In the present research, by using this high power diode laser, laser cladding of iron-based alloys on Al alloy surface was examined. Applicability of diode laser to laser cladding was evaluated by investigating the effect of irradiation conditions on the formation of clad layers. Besides, effects of the irradiation conditions on the microstructure of clad layers as well as on the joint microstructure between clad layer and substrates.
Experimental Procedure
In this research A5052 aluminum alloy with a size of w50 Â l100 Â t10 mm were used. As the base cladding material, Fe-Cr-C alloy powder, which was reported to have a good adhesion to aluminum alloy, was used. As an additional material to base cladding material, copper was selected in order to reduce thermal expansion coefficient of clad layer. Mean particle size and purity of composing elemental powders are shown in Table 1 . These powders were mixed to the nominal compositions and were surmounted on the aluminum alloy substrate with a thickness of 3 mm. Laser beam was irradiated on the powders with an Argon shielding gas using CO 2 laser equipment (Mitsubishi 2012HW) and diode laser equipment (Laserline LDL160-3000). Conditions of each laser and schematic illustration of diode laser cladding are shown in Table 2 and Fig. 1 .
Microstructural observation of obtained samples was performed by using optical microscope, scanning electron microscope (SEM), electron probe micro analyzer (EPMA). Composition analysis was performed by wave length dispersion X-ray analyzer (WDX). The dilution ratio, which is a cross sectional area of melted substrate divided by that of clad layer, was measured from optical micrographs of cross section of clad layers. About cracks observed in microstructual observation at the interface between the clad layer and the aluminum alloy substrate, the ratio of crack length to welding length was measured. For the evaluation of surface properties of modifying layers, Vickers hardness test and the wear test were performed. Vickers hardness test was conducted at a load of 1.96 N and a loading time of 10 s. The wear test was performed by the ball on plate type method at a load of 200 g, a wear-speed of 7.25 mm/s and a wear length of 25 m.
Results and Discussion

Applicability of diode laser to cladding
In order to evaluate an applicability of diode laser to laser cladding, microstructure of clad layers obtained both by using CO 2 laser and by using diode laser was compared. General views and cross sectional micrographs of clad layers are shown in Fig. 2 and Fig. 3 . The arrow in Fig. 2 indicates the direction of laser traverse. It is obviously confirmed from Fig. 2 and Fig. 3 that discontinuous and granular clad layers were formed in most CO 2 laser irradiation conditions. This phenomenon has been empirically interpreted to occur in case laser heat input is insufficient. On the other hand, using diode laser made it possible to obtain stable beads compared with CO 2 laser. Since morphology of laser beam is different between CO 2 laser and diode laser, formability of clad layer using each laser was compared by the heat input J defined by the following equation (see Fig. 4 This is due to the differences of energy absorption on the surface of metallic materials between each laser beam. Effect of wavelength of laser beam on the reflection ratio for various metallic materials is shown in Fig. 5 . 6, 7) The wavelength band of each laser using in this research is shown in this figure. While CO 2 laser beam might be almost reflected to which metallic materials, it is recognized that diode laser is hardly reflected both on iron and aluminum are small and it is considered that heat input is effectively transmitted. Consequently, the superiority of diode laser was confirmed for the application of laser cladding.
Dilution ratio of diode laser cladding layer
In the laser cladding, sufficient heat input and melting of base metal are important to assure the adhesion between clad layer and substrate as shown in the previous section. At the same time, however, laser conditions should be optimized to minimize the melting of base metal since dilution of clad layer by over melted substrate degrades the properties of obtained clad layers. The effect of laser condition on the dilution ratio is shown in Fig. 6 . The dilution ratio decreased with decreasing the input power and increasing the traverse speed, and changing irradiation conditions is able to control the dilution ratio from 46.7 to 8.2%. However, in the irradiation condition of the laser power 2.0 kW and the traverse speed 20 mm/s, which is the condition with the lowest heat input, stable bead was not obtained. Therefore, it is confirmed dilution ratio was minimized to be less than 10% by precise control of laser conditions.
3.3 Microstructure of clad layer and A5052/FeCrC clad interface As shown in the previous section, the composition of obtained clad layer changes from the precursor clad powders due to the dilution by the melted substrate (see Table 3 ). Consequently, the microstructure of the clad layer changed according to the dilution ratio as shown in Fig. 7 . When the dilution ratio is about 8-20%, cellular dendrite structure of austenite single phase was observed. With increasing the dilution ratio to about 10-30%, the microstructure has been changed to dendrite structure that a small amount of ferrite phase exists in the boundary of coagulation cells. Then, when the dilution ratio becomes 30% or more, cancellate structure consisting of Fe 3 Al was observed. Increase of aluminum, which is a ferrite former, changed the austenite structure of Fe-Cr-C starting alloy to dual phase structure. However, in the clad layer formed of the dilution ratio over 30%, amount of aluminum exceeds the solid solubility in iron and Fe-Al intermetallic compound was formed.
On the contrary, the microstructure at the interface between the clad layer and the aluminum alloy substrate hardly changed with dilution ratio and the two reaction layers with a thickness of 5-100 mm formed. Severe liquid flow during laser irradiation caused such a large difference in reaction layer thickness by the position even in the same sample. By the WDX quantitative point analysis of these reaction layers shown in Table 4 , these reaction layers was identified to be Fe 2 Al 5 and FeAl 3 , respectively. Relationship between dilution ratio and Vickers hardness of the clad layer is shown in Fig. 8 . According to increase of dilution ratio, hardness of the clad layer increased as 250-450 Hv due to the solid solution strengthening of aluminum or the existence of intermetallic compound, while that of the reaction layer at the interface is about 500-700 Hv.
3.4 Cracks within the clad layer and in the reaction layer As shown in Fig. 9 , the obtained complex frequently included cracks within the clad layer or in the reaction layer, each of which was caused by different factors. For the cracks within the clad layer, many cracks were observed especially in the cancellate structure with high hardness (see Figs. 9(a) , (b)). It is due to the residual tensile stress generated in the direction of the laser traverse by the coagulation shrinkage of the cladding material. The relationship between Vickers hardness and number of cracks within the clad layer were shown in Fig. 10 . From this result, it was found that decreasing the hardness of the clad layer by suppressing the dilution ratio is effective to prevent the initiation of cracks. Even by decreasing the hardness of clad layer down to about 300 Hv, however, cracks did not disappear completely. It was considered that these cracks were the hot cracking within the austenite phase. The relationship between mass fraction of carbon in cladding material and number of cracks within the clad layer were shown in Fig. 11 . The composition of the carbon of the cladding material was decreased down to 0.77 mass% to prevent this hot cracking by changing the microstructure to the = dual phase structure. Similarly, the cracks were observed in the reaction layers composed of hard Al-Fe intermetalic compounds (see Fig. 9(c) ). It is due to the thermal stress generated by the difference in the thermal expansion coefficient (CTE) between clad layer and substrate. Relationship between dilution ratio and crack length ratio in the reaction layer is shown in Fig. 12 . The crack length ratio decreases according to decrease of the dilution ratio due to the slight decrease in the thickness of reaction layer. However, it was confirmed to be impossible to minimize the crack length ratio than 50% by suppression of dilution ratio.
In order to reduce the mismatch of CTE, copper was added to the cladding material. CTE for aluminum, iron and copper are shown in Table 5 . We performed in the irradiation condition of the laser power 2.0 kW and the traverse speed 20 mm/s, which enabled to suppress the dilution ratio fewer than 20% for the Fe-Cr-C cladding material. In the same laser irradiation condition as that for Fe-Cr-C cladding, stable beads were obtained and dilution ratios were suppressed fewer than 20% for Fe-Cr-C-Cu cladding. The crack length ratio of the clad layer decreased by copper addition and exhibited the smallest value for the Fe-Cr-C-20 mass%-Cu alloy. It was indicated that the addition of copper to FeCr-C clad layer is effective to suppress the initiation of cracks.
Evaluation of wear resistance of modifying layers
The wear test on obtained clad layers was performed. Specific wears and Vickers hardness of the Fe-Cr-C clad layer, Fe-Cr-C-20 mass%Cu clad layer, SUS304 and A5052 substrate are shown in Fig. 13 . Although the Fe-Cr-C-20 mass%Cu clad layer with a dual phase structure composed of austenite and fcc copper exhibited a slightly lower wear properties than the Fe-Cr-C clad layer with a monolithic austenite structure, each modifying layer exhibited sufficiently high wear resistance that is superior to the aluminum alloy substrate and comparable with SUS304.
Conclusion
In this research, in order to improve a wear resistance of aluminum alloy, laser cladding of iron-based alloys on A5052 aluminum alloy was performed by using diode laser. Microstructure, dilution ratio, wear property and hardness were investigated for obtained clad layers, and the proper irradiation condition was optimized. The obtained results were as follow:
(1) Using diode laser enables the formation of stable clad layers with a good wettability with substrate under the irradiation condition of higher traverse speed and lower power compared with CO 2 laser. (2) The dilution ratio decreases with decreasing the input power and increasing the traverse speed, and the precise control of laser conditions enables the dilution ratio to suppress down to 8.2%. introduced within the clad layer and at the interfacial reaction layer. The initiation of cracks within the clad layer is suppressed by decreasing the hardness of the clad layer and by decreasing the amount of carbon in the cladding material. The initiation of cracks in the reaction layer is suppressed by the addition of more than 20 mass% of copper to the cladding material. (5) The Fe-Cr-C and the Fe-Cr-C-20 mass%Cu clad layers exhibit sufficiently high wear resistance that is superior to the aluminum alloy substrate and comparable with SUS304.
